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ABSTRACT 


The traction inverter is a crucial power device in the electric vehicle’s powertrain, and 
its failure is intolerable as it would considerably compromise the system’s safety. For 
more reliable driving, installing a traction inverter that is sufficiently resistant to elec- 
trical failure is inherent. Due to its compact size and the small number of switches 
incorporated in three-phase four-switch inverter, this modular topology was used to 
compensate for the open switch’s failure. However, it is known to have manifold 
weaknesses mainly distinguished in the low-frequency region. This paper introduces a 
new fault-tolerant indirect control that handles the IGBT’s failure constituting the trac- 
tion inverter. The fault compensator is designed first based on the Proportional Integral 
regulator combined with the notch filter to mitigate the current imbalance and restore 
the DC voltage equilibrium.Furthermore, to conceive a comprehensive fault-tolerant 
control, there must therefore contain an accurate fault detector. In this regard, an un- 


PMSM complicated fault diagnosis method based on the current spectral analysis has been 
performed. The effectiveness of the submitted controller was validated by simulation 
using Matlab. 
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1. INTRODUCTION 

With the tangible increase in oil price and climate change, electric vehicles have emerged as the most 
promising technological solution by far. In this respect, research and development have made great strides 
in improving electric powertrain’s performance, especially under faulty operating conditions. A great deal of 
research has suggested incorporating fault tolerant control (FTC) into these systems, making the driving of 
these vehicles more efficient and safer in the event of damage to any of its components [1]. 

Seeing that power electronics is the most affected device by the powertrain’s electrical faults, it has ex- 
clusively occupied several researchers’ attention in diagnosis [2] and fault compensation [3]. The open-circuit 
switch/leg is indicated in reference [4] as the predominant inverter fault type. This malfunction induces uncon- 
trolled direct and quadrature current and hence a high pulsating torque. As a result, it produces a noticeable 
change in the three current phases. Exploiting this modification, the authors have developed in reference [5] a 
fault detector based practically on fast fourier transform (FFT) and Support Vector Machine. The Fast Fourier 
transform was applied to obtain the meaningful current fault signature; subsequently, they adopted the support 
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vector machine algorithm to locate the open/short circuit switch. In reference [6], Xing Hu Jian Zhong has 
suggested an innovative approach to constructing the fault detector. They used the Extended State Observer as 
the second redundant process calculator. The difference between the actual and the analytical process outputs 
constitutes the residual that contains fault information concern. 

A traction inverter’s fault diagnosis can only be completed by reconfiguring the initial topology; a 
contemporary structure adaptable to the fault conditions is strictly an exigency to maintain system operational 
continuity [7][8]. In the literature, we distinguish two main categories of fault-tolerant topology (FTT), which 
are generally classified by the costs and the number of components they are composed. Other criteria are to 
be taken into accounts to select the adequate FTT that is typically the fault power rating factor (FPRF) and 
the Current rating of the auxiliary switches. With the redundant phase topology, the overall cost associated 
with fault-tolerant components is estimated at 233% of the standard inverter, justified as costly. However, 
it does guarantee a nominal operating mode identical to the conventional three-phase inverter with an FPRF 
equal to one. In contrast, the four-switch three-phase (FSTP) inverter has originated to minimize the number of 
interference circuits and the extra switches integrated into the fault-tolerant topology with the additive leg. In 
this hardware reconfiguration, the defected motor phase is reconnected to the DC bus’s midpoint via the Triac, 
as indicated in Figure 1. 





Figure 1. Fault-tolerant traction inverter topology 


Despite its benefits, this topology has a cost in terms of worsening system performance. As specified in 
part number [9], this circuit design’s main shortcoming resides in the motor currents phases unbalance resulting 
from the wide voltage variation across the DC link’s two capacitors. A predictive Space Vector Modulation 
is introduced in reference [10] to overcome this topology’s predominant weaknesses and compensate for the 
DC link voltage ripple. In another way, the DC-link voltage and the currents unbalance are repaired based on 
double synchronous reference frame PI controllers [11]. As reported in [12], the motor current bothers were 
solved using a new reference voltage. 

This article has ensured the faulty 6S3P inverter’s operational continuity by modeling the output volt- 
ages of the 4S3P inverter and offsetting the voltage fluctuation of the intermediate capacitor circuit. Thus, we 
outline the fault diagnosis module, which supplements the proposed remedial fault control. It is structured 
systematically thus: section 2 exposes the mathematical model of the PMSM in (DQ) rotating reference frames 
under healthy operating conditions and details the Indirect Vector Control that drives the PMSM. A short de- 
scription of the proposed fault-tolerant control structure is then given in section 3. Next, it highlights the rescue 
topology’s weak points and explains the technical solution proposed to overwork them. After that, it presents a 
survey of the fault diagnosis technique used throughout this work. Before finally, we will discuss the simulation 
result of an open-circuit fault compensation approach. 


2. THE PMSM MODEL AND INDIRECT VECTOR CONTROL 

The permanent magnet synchronous motor (PMSM) model is introduced in this section. We have 
built this model with the following assumptions: the iron losses and saturation of the magnetic circuit are neg- 
ligible, the Foucault currents and hysteresis phenomena are ignored, and the magnetomotive forces produced 
in the stator winding are sinusoidally distributed. Also, this part will expose the indirect vector control (IVC) 
employed to control the Traction Inverter that drives the PMSM. 
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2.1. The model of the PMSM in the (DQO) rotating reference frame 


The simplified model of the PMSM could obtain by transforming the (ABC) reference frame model 
described by Pillay, et al. [13] linked to the stator into a model in the (DQO) rotating frame. The electrical 
equations are exposed while considering the partial flux derivatives as it follows: 


no =al ko tal ao Al a | o 


0 —1 
Where: A = 
Only the direct and quadrature current are retained as typically; the homopolar component converges 
towards zeros while the machine is in normal condition. This factor leads us to overlook the relationship 
between the flux and the homopolar current, which means that only the direct component, quadrature, and rotor 
angle are involved. The flux can therefore be expressed in the (DQO) reference frame by these expressions: 


Dalt) = Vm — Laia (t 
CORDO 2 








Where: Lg = Leo — Limo + L-2 + ELms and Lg = Lao — Limno L-2 — Lye 


Lso and Lmo are the average values of the proper and mutual inductances, Ls2 and Lm2 are the am- 
plitudes of the sinusoidal components. From as shown in (1) and (2) the PMSM simplified model is described 
as follow: 


(3) 





va (t) = Reta (t) + La “2 — Lay ig (t) 
Vq (t) = Roig r + Lauria (t) +o 


It is clear from as shown in (3) that the model of the machine in the (DQO) rotating reference frame resulted 
in fewer equations, variables, and derivatives compared to the model developed in the (ABC) reference frame 
(see reference [13]). Nevertheless, it is observable that this reference frame presents a non-linearity because of 
the linkage between the direct and quadrature axes. 

Thus, the electromagnetic torque is determined in terms of direct current and quadrature of the PMSM 
in the (DQO) rotating reference frame by the following equation: 


Tem = Piq (0) {Ym + (La — Lg)ia (8) a) 


Due to the conceptual clarity obtained with a single set of two windings on the stator, this transformation 
has an obvious benefit for performing vector control. This kind of control requires the state space equation 
of the PMSM. From the electrical model outlined as shown in (3) and the mechanical model (4), the PMSM 
inputs models are respectively the voltages vg, Vg and the load torqueTjoaa, while the outputs are the speed 


and electromagnetic torqueTem. The non-linear state model of the PMSM is exposed in the (DQO) rotating 
reference frame by the following state-space model [14]: 


r=Ar+Bu 
isi (5) 
Where: u=| Ud Vq Tiaa | æ = l ld lg N yT 
=R;/ L; PQ 0 1/L, 0 0 
A=| -PQ = —-R,/L, —PWVm/L, |,B=| 0 1/L, 0 |,C=/0 0 1] 
0 3PU,,/2J —f,/J 0 0 Avs 


Hence, to get the maximum torque, the direct current is forced to be zero in the Vector Control so that the 
expression of the developed electromagnetic torque in the state space model could be reduced. 
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2.2. PMSM indirect vector control 

In this part, the PM Synchronous Motor’s vector control is directly derived from its dynamic model 
developed in section 2.1. The torque’s decoupling and the mutual flux one against the other are referred to as 
vector control (VC). This approach incorporates the current controllers of the PMSM and, which are mostly the 
Proportional and Integral controller. As illustrated in the asymptotic schematic of the VC showed in Figure 2, 
the estimated direct current 7g and quadrature current 7, are compared to their reference, which is respectively 
the zero value and the Et , resulting from the speed controller output. Then the proper errors of the currents 
are transmitted to the PI controllers, which generate the inputs of the decoupling block and which in its role 
produces the controlled stator voltage components pred , and uret . The equations express the reference voltage 
vectors are: 
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Where: Ky ,,, Kiia, Kp, and Ki iq are respectively the direct and the quadrature current PI gains. 

A further target objective of the Indirect Vector Control (IVC) is to track the reference speed; for this reason, 
the Fuzzy PI controller is implemented in the IVC schematic. It is to be noted that such controls remain valid 
only when the machine is in a sound operating condition. In the case of IGBT’s open circuit fault, it has been 


found necessary to modify this configuration while adding a new fault control law [15]. 


3. FAULT-TOLERANT IVC OVERALL 

This section briefly describes the proposed Fault-Tolerant Control’s working principle and then details 
each unit’s functionality. In various proposals, the SSTP controller was designed mostly based on two major 
trends: direct torque control and indirect vector control. In neither configuration, the system remains unstable 
without a fault compensation unit and new materiel reconfiguration at IGBT’s open-circuit fault, thus requiring 
an updated control algorithm capable of maintaining acceptable system performance [16][17]. The back-up 
topology employed in this work to remediate one or two open IGBT power devices is depicted in Figure 1. 

Furthermore, the control strategy adopts as a principle the inclusion of a new voltage compensation 
component to the reference voltage generated by the classical Vector Control. A notch filter was implemented 
to remove the second-order harmonic from the stator currents and the DC capacitor’s voltage sources. As 
depicted in Figure 3, the first notch filter’s inputs are the quadrature and the direct current. Moreover, the 
second filter receives the DC bus capacitor’s voltage as input. The offset suppression’s bloc responds actively 
to the occurrence of the fault. According to Figure 3, the fault diagnosis module provides the foremost system 
state information to all FTC subsystems. This unit generates residuals that localize the open IGBT’s power 
device position through the stator currents’ spectral analysis. 

Once the fault detector evaluates the residues, it calculates the logical decision and subsequently iso- 
lates the faulty leg while suppressing the opposite IGBT power device’s signal command that corresponds to 
the same leg. Then, the Triac is controlled to link the midpoint of the DC link capacitors to the isolated motor 
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phase; in our case, this was the C motor phase. After the step mentioned above, the diagnostic unit activates 
the offset suppression’s bloc. The proposed strategy’s vital interest is its ability to maintain acceptable system 
characteristics, even after the fault occurs, without degrading the system’s overall performance under healthy 
operating conditions [18][19]. This point has not been taken into account by the passive FTC theory. 
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Figure 3. Fault-Tolerant [VC scheme for PM synchronous motor drive 


3.1. Restructuration strategy 
This section examines the impact of the open IGBT’s failure on PMSM’s pre-set model closely. We 
will explain how the three-phase four-switch inverter can be a solution to reconfigure the Six-Switch topology 
at the occurrence of the studied fault. Indeed, this type of converter has recently attracted several authors’ 
attention because of the reduced number of switches that fit in its construction and thus allows to power three- 
phase motors such as the PMSM, see references (Errabelli, et al. [20] and Freire, et al. [21]). These works have 
confirmed experimentally that such an inverter has limited performance, especially in the low-frequency range. 
According to references [22][23], the main reason for the fluctuation of the intermediate circuit voltage is the 
behavior of the capacitive impedance of the C phase, which is mainly used to replace the defective branch. This 
behavior can be explained by adding the voltage’s fluctuating component to the voltage’s direct part. 
Udei=Vac/2— r, c (T) 
Uder2=Vac/2+V c 
Where: V, = —1/2C f iadt 
Another factor that affects the TPFS inverter’s effectiveness is the voltage offset at the DC link’s 
midpoint. In reference [24], the authors state in their paper that the offset component in the mean voltage of the 
DC link is the principal reason causing the DC components to appear in the PMSM load current. In the (ABC) 
reference frame, we could delineate this result by including the DC component in the stator current equation. 
tsa= ig +134 —40 
isp= i% tih, —io (8) 
ise=itf +i —2io 
Where: i¥f , i”, and io are respectively the unfaulty current, AC harmonics components, and the DC component 
current. Hence, it was ascertained by Wang, et al.[18] that the midpoint voltage DC-link Aw is linked with the 
stator current corresponding to the defected leg according as shown in: 


Au(t) = Au(t)"? + Au(t)"— io/C t+ Au(0) (9) 


With: Au(t)"! and Au(t)” are sequentially the fundamental and the harmonic of the midpoint voltage DC- 
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link. To begin examining the additional inspection work required to compensate for the defect result, we have 
first designated the AC component by Au and Aw the compensation element. The Au included harmonic 
components in which the second one had to be filtered out. The Au part contains the portion ig /C amount, 
which varies as a function of time. To remove the offset voltage component, the PI controller is introduced after 
the vector control which regulates the portion generated by tọ (see Figure 4). We have modeled the PMSM/ 
(4S3P) inverter system at a standstill by these equations: 








lac (t) =Reia (t) +L, 23 —R, i, (t) —L, 3 


dt dt 
Ube eR a (t) +L, ERa (t) —L, Ho (10) 


. _ du.(t) 
ialt) = 20220 





Figure 4. Four-Switch Tree-Phase Inverter Topology 


The voltages generated between phases can be expressed in terms of voltage’s fluctuating as follows: 


/ 
= re 
Uac = Uac f _ Ve 


/ 








Ube = Une’ T = Ve (11) 
Uab = Uap? = Up? SF 
By rearrangement of (10) and (11), we obtained: 
dv, (t d?u.(t 
uref (t) + ute! (t) = 2we (t) + 6RsC 7 +6 RsLs = ) (12) 


The PI controller is then sized using the pole compensation method. The open-loop transfer function given as 
follows: ; ’ 
k PEU o Q 
ve (t) = — (Ts +1) Uac (t) + Upa (t) 
28 (s/s; +1)(s/s2g +1) 


Where: sı and s2 are the system’s poles, and k is the PI controller’s gain. 


(13) 


The operator 7 has chosen to eliminate the dominant pole of the system. The locus-root diagram is 
drawn to check the system’s stability and identify this performance over the whole range of the operator k. 
For shortness, we are limited to displaying just the PI controller gains in Table 1. Besides, a notch filters are 
introduced in the control philosophy to eliminate the oscillating component in the stator currents and voltages 
of the stator DC bus. The filter that concerns the stator current aims to extract the ripple, which results from the 
second harmonic, accumulating in the form of a signal with the pulsation 2w,.. The following transfer function 


can identify this notch filter: 
‘NE 92 4 2 
ek) aD U (14) 
i(s) S2+K S+4w2 
Where k is gain, which determines the width of the rejection band, we is the notch’s center frequency (the 
frequency of the harmonic to be attenuated). 
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3.2. Open switch/one leg inverter fault diagnosis 

In this work, the fault detector is considered an irreplaceable unit. It is in charge of performing the 
following subtasks: firstly, it detects the fault and provides the necessary information on the fault location by 
specifying which switch is affected. Secondly, it separates and isolates the faulty branch by interrupting the 
control signal from the opposite switch that belongs to the same faulty part. Third, it activates the control 
law used to compensate for the failure. Since such a failure introduces an observed change in the current 
phase, some authors have taken advantage of the power spectral density combined with the machine learning 
algorithm tool to extract and classify the fault characteristics [25]. This type of detector can lead to detection 
that is more accurate but comes at computational complexity. We used a simple method to identify the defective 
leg and thus locate the defective switch. This method depends on the variation of the DC and the fundamental 
magnitude current. In the case of upper or lower open IGBT’s fault, the DC current is by definition different 
from zero and approximately equal to +/,/7a depending on the switch concerned. However, when a wide leg 
is faulty, this magnitude becomes zero; it is the same as in the healthy operating state. On the other hand, the 
failure of a complete leg forces the current fundamental magnitude to converge to zero, which is the opposite of 
the standard case.To quantify these two quantities, the Fourier transform is applied on a window of the current 
signal during one fundamental frequency cycle. The magnitude of the current fundamental is estimated based 
on as shown in: 





t 2 t 2 


il=ź (fiw *cos(wt)dt) +( | i (t) xsin(wt)dt) (15) 


t—T 


Where: T=+ and fı is the current fundamental frequency. On the other hand, the DC currents component is 
calculated based on as shown in: 


9 t 
id= J i (t)dt (16) 


By comparing the normalized computed components to a fixed threshold, it is possible to define the residual 
that detects the defected leg as [26]: 


l —— Fm || > 
Ta,bje= l T 5) || 7 to 





(17) 
0 Otherwise 


Where: n and m are respectively {a,b,c} and {b,c,a}. 
Furthermore, to detect and locate the faulty switch, three cases must be checked at each iteration as follow: 


1 ii- | sg | a a 
Pee. 1 if |/Id°|] > Tes (18) 
0 Otherwise 


Where 17,1, 17,2, Tr,3 are fixed thresholds; chosen so that the algorithm could be faster as possible in detecting 
the failure. Once computing the first residual, a binary logic decision is developed by the fault detector to 
establish the final residuals Ra, Re, Re (see Figure 3). Each one of these thresholds contains information about 
the state of the corresponding leg. 


4. SIMULATION RESULTS AND DISCUSS 

This section shows by simulation the validity of the control and reconstruction strategy described 
in section 2. Several simulations are performed in order to test, on the one hand, the ability of the fault 
diagnosis unit to detect the failures that occur in the branch corresponding to phase C, including the open upper 
switch and the failure of the entire branch. On the other hand, these simulations are intended to evaluate the 
proposed control law’s effectiveness in compensating for the fault. The control part is built under the MATLAB 
environment and the power portion in the PSIM software. Note all simulations is runed with the experimental 
parameters listed in Table 1. In the following analysis, we discuss the simulation results of three cases; the 
first case aims at systematically observing the behavior of the Active Fault Tolerant Control according to the 
following hypotheses: 
- A latency of 120 ms is considered between each reconfiguration process 
- The motor operates in a low-frequency region, especially at a fixed mechanical speed of 200 rpm. 
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Under normal operating conditions, the (VC) reasoning drives the system, and the speed profile is ad- 
justed based on the PI controller. By analyzing the simulation results from a general perspective, this controller 
provides an acceptable steady-state tracking response. However, when the fault is injected, strong ripples are 
picked up in the electromagnetic torque and undesirable oscillations in the mechanical speed, as shown in Fig- 
ures 5 (a) and (b). On the other hand, when the fault diagnosis unit is allowed to connect the motor’s faulty 
phase to the midpoint of the DC capacitor bus at the instant 3.62s, the pulses in the electromagnetic torque 
remain, but with reduced severity, the same applies to the speed profile. 
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Figure 5. Response of the system under both; (a) upper open switch fault; (b) open leg fault 


After applying the control law described in 3.1, the system recovers and completes a marked reduction 
in torque and speed oscillation. As a result, the three current phases balance each other.From a particular point 
of view, the residual in Figure 5 (a) exceeds half of its normalized DC value when the fault is injected. However, 
when the fault detection unit isolates the fault, it drops to stabilize at zero after the software reconfiguration is 
triggered. It takes a long time for the residual to reach the fullness of its normalized fundamental value with a 
deteriorated branch, as shown in Figure 5 (b). 

To assess the fault compensation strategy’s effectiveness, we have simulated the system spontaneously 
without external intervention. Despite the transient state error caused by the failure, the fault detection has 
successfully performed all the previously mentioned subtasks; moreover, the additive control law has reacted 
at the right time to compensate for a complete branch’s failure. Besides, the torque response has become 
smoother than before.From Figure 6, it can be seen that the proposed fault compensator has the potential to 
ensure reliable performance even after the occurrence of the fault. 
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Figure 6. Response of the system with the proposed fault tolerant control strategy 


Finally, in the third case, different values are assigned to the reference speed after the fault occurred 
to evaluate the fuzzy PI controller’s flexibility to follow the reference even under undesired conditions. The 
reference speed curve changes from 200 rpm to 1000 rpm and subsequently stabilizes at 200 rpm. It appears 
from the result entered in Figure 7 (a) that the proposed controller correctly monitored the speed profile under 
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both non-faulty and faulty operating conditions. At both the acceleration and deceleration of the reference 
speed, the controller performed exceptionally well. 

By integrating the proposed control law in the IVC, we notice that the quadrature current as well the 
direct current have both seen a remarkable change in terms of ripples attenuation; this is displayed by Figures 
7 (b)and (c). We concluded that the PI controller showed a remarkable result in off setting the DC component 
as shown in Table 1. It is also to be noted that the notch filter presented an observed image of the currents, 
although it was imperceptibly affected for low speeds, mainly caused by the ABC current’s shape. 


= Fauli In jec nor 
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Time (5) 
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Figure 7. FTC evaluation results with fuzzy PI speed Controller under different speed reference values 


Table 1. Motor parameters 


Components Values Components Values 

Rated power P= 80W Pole pairs 4 

Rated speed 4000 rpm Viscous friction fr = 0, 4101073 Kgm? 
DC voltage 24V dc-link capacitor 4400 uF 


Resistance and inductance R = 0, 439, L = 1,35mH Rotation inertia J = 0,51078 N m/rad 


5. CONCLUSION 

This article proposed an adequate strategy for controlling the traction inverter in the event of an open 
circuit switch fault. The introduced approach is centered on the philosophy of active fault tolerant control. In 
this approach, the fault diagnosis unit plays a pivotal role in maintaining proper operation during the post fault 
phase. The latter was developed by analyzing the current spectrum of the defected motor phase. The result 
has demonstrated the employed fault detector’s ability to recognize both the open half leg and the full leg fault. 
Moreover, it illustrated that the fault detection block is fast sufficient to detect and ensure the hardware and the 
software reconfiguration. 

The four switch-three phase scheme was adopted as fault-tolerant inverter topology. It was driven by 
the standard vector control associated with an additive control law that responds actively to the fault. This 
compensator unit is founded principally on the PI controller, combined with notch filters. It performs torque 
ripple mitigation and stator currents unbalance rectification caused by the DC bus voltage fluctuation. Despite 
the low voltage compensator’s poor achievement in a transient faulty state, it has demonstrated satisfactory 
results in keeping sound outputs systems. 

A constant operation and exceptional speed monitoring for different reference points is achieved at 
both healthy and faulty operating conditions. The recommended fault-tolerant control strategy exposes a stable 
system performance. It exhibits more assets such as lower switch numbers and interference circuits and cost 
reduction reached due to the limited integrated sensors. Such control has to be verified experimentally; in this 
perspective, we signal that we will validate by test the present work. 
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